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Introduction
In vitro renaturation of unfolded proteins is a major prob-
lem in basic and applied research as well as in industrial
processes. Indeed several modern, highly efficient purifi-
cation procedures use denaturing conditions either during
the separation itself (i.e. reverse phase chromatography) or
to release the purified protein from the column on which
it has been selectively adsorbed (i.e. immunoadsorption or
affinity chromatography). The proteins thus purified are
often severely affected in their conformation and function
and need to be renatured. Similarly, proteins produced by
recombinant organisms are often recovered as inclusion
bodies, which are made of denatured, aggregated, non-
functional polypeptide chains. These have to be solubi-
lized and renatured for further use. An excellent recent
review describes the theoretical and practical aspects of in
vitro renaturation [1].
Renaturing an unfolded polypeptide chain is usually not
straightforward, as there is no universal recipe to obtain a
good yield of a native protein. There is, however, a ratio-
nale that helps in finding and optimizing renaturation con-
ditions. It is based on the observation that, for the vast
majority of the proteins that have been studied, what pre-
vents the polypeptide chain from regaining its native state
is the rapid and irreversible formation of aggregates due to
the poor solubility of folding intermediates. It has been
proposed that the efficiency of a renaturation procedure 
in vitro essentially results from a kinetic competition
between two parallel `folding’ pathways, a productive one
leading to the native state and an abortive one leading to
aggregates [2–4]. Later on, the same model has been used
to explain the mechanism of action of chaperones which,
by preventing the aggregative pathway, favour the renatu-
ration [5–8]. Thus, any procedure that would slow down
the aggregation without seriously affecting the renatura-
tion would result in an increased renaturation yield.
Several procedures have been successfully employed to
minimize aggregation during the in vitro folding of pro-
teins. The aggregation reaction, for instance, which is mul-
timolecular, should be slowed down at low protein
concentration. Aggregation, which comes from hydropho-
bic interactions between incompletely folded polypeptide
chains, should be reduced at low temperature. As a result,
lowering the protein concentration and the temperature
quite often improves the efficiency of renaturation. Simi-
larly, solubilizing agents that disrupt aggregates should
improve protein renaturation. Thus, the strategy initially
designed to refold and reoxidize chymotrypsinogen in
solution [2] has since been successfully applied to many
proteins, including those in several industrial procedures.
In this strategy, the protein is allowed to spontaneously
refold in the presence of urea or guanidine at a ‘sub-dena-
turing’ concentration, i.e. a concentration high enough to
efficiently prevent aggregation but low enough not to
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Results: The renaturation was conducted in the presence of five different
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reduced it 100-fold.
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renaturation protocols using existing sulphobetaines; and for characterizing
folding intermediates that interact with sulphobetaines.
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unfold significantly the native protein. Several other solu-
bilizing agents have since been tried, sometimes with con-
siderable success, for example arginine [9], polyethylene
glycol [10], detergents [11] and even the sequential use of
detergents and cyclodextrines to mimic the two-step
action of chaperones [12]. 
A common limitation to all these procedures is that the
physical and chemical changes in the environment act in
similar ways on the aggregation and on the folding,
because the forces involved in both processes are more or
less the same. Therefore, the concentrations of solubiliz-
ing agents needed to significantly reduce the aggregation
may also destabilize the native conformation or interfere
with some folding steps—hence the need for agents that
would act more efficiently as solubilizing agents than as
denaturants.
Recently, a family of molecules, non-detergent sulphobe-
taines (NDSBs), has been developed as new solubilizing
agents for the purification of proteins [13,14]. Several mol-
ecules of this family were shown to efficiently solubilize
proteins at non-denaturing concentrations, thus permitting
enhanced extraction yields, electrophoresis and crystalliza-
tion of native proteins that otherwise would precipitate
during the experiment. This suggested to us that NDSBs
might also serve as ‘anti-aggregants’ to improve protein
renaturation. Preliminary experiments indeed showed that
the renaturation of acid-denatured Escherichia coli -D-
galactosidase was improved by a factor about 2.5 over the
control when the acid denaturation was conducted in the
presence of some NDSB, presumably because these mole-
cules reduced aggregation of the denatured protein in the
denaturing conditions [14]. Moreover, the sulphobetaines
tested were shown to have no significant denaturing effect
on the native enzyme [14], and stabilization by these mol-
ecules was reported [15]. On the basis of these observa-
tions and on the rationale outlined above, we decided to
investigate whether or not the presence of NDSB during
the refolding process would improve the efficiency of the
renaturation.
In this report, we describe a systematic investigation of
the effects of five distinct NDSBs on the renaturation in
vitro of two proteins. One, hen egg white lysozyme
(HEWL), is a small monomeric protein of 129 residues,
containing four disulfide bonds between cysteines that
must be properly paired during the oxidative refolding of
the denatured reduced protein. The other, E. coli -D-
galactosidase, is a large oligomer, made of four 1024-
residue polypeptide chains each folded into several
crystallographic domains [16] with no intra-chain or inter-
chain S–S bond. It is shown that the presence of NDSBs
during the renaturation considerably improved the yield
of HEWL and -D-galactosidase, and that different yields
were obtained with these two very different proteins and
with the various NDSBs. This will be discussed in terms
of their mechanism of action and of the design of new,
more effective molecules of this family.
Results
Renaturation of lysozyme
The aggregation that occurs during the in vitro renatura-
tion of reduced lysozyme, and more particularly its
timescale and dependence on the protein concentration,
has been studied in detail [17]. Under the experimental
conditions used in these studies, HEWL could be rena-
tured quite efficiently (up to about 30%) at protein con-
centrations below 0.1 mg ml–1 and quite poorly at higher
protein concentrations. Thus, when the renaturation was
conducted at 1 mg ml–1, the renaturation yield was only
about 2%. We chose this system to investigate whether or
not the presence of NDSB, by reducing the aggregation
during the renaturation process, might improve the yield
in native HEWL after renaturation at 1 mg ml–1.
Five distinct NDSBs (see Fig. 1) were added, at various
concentrations between 0 M and 1.8 M, to the renatura-
tion buffer. Reduced, denatured HEWL was then diluted
Figure 1
Chemical structures of the five non-detergent sulphobetaines (NDSBs)
used in this study, named according to their molecular weights.
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in the NDSB-supplemented renaturation buffer to initiate
its renaturation, which was allowed to proceed for 4 h, a
time amply sufficient to reach complete renaturation in
the absence of NDSB [17]. Each sample was then assayed
for HEWL activity. It was verified that the amount of
residual NDSB present in the assay mixture did not inter-
fere with the enzymatic activity of native HEWL (data not
shown). Figure 2 represents the enzymatic activity recov-
ered as a function of the concentration of each NDSB pre-
sent during the renaturation. These results show that all of
the NDSBs tested improved the efficiency of renatura-
tion, though to different extents. Three of the NDSBs,
when used at 1.8 M, led to a yield of about 35% in native
protein at 1 mg ml–1 of HEWL, which is about 10-fold
higher than in the absence of NDSB. It is noteworthy that
the results obtained with these NDSBs are even slightly
better than the yield previously obtained in the absence of
NDSB when the renaturation was conducted at low
HEWL concentration. These NDSBs therefore appear to
efficiently reduce the aggregation during the renaturation
of HEWL, thus providing good yields in native protein
even at high HEWL concentrations.
To compare the effect of NDSBs to that of a classic solu-
bilizing agent, a similar set of experiments were con-
ducted with urea (at concentrations between 0 M and
4 M) replacing NDSB in the renaturation buffer. The
results shown in Figure 3 indicate that urea, like the
NDSBs, efficiently helps in renaturing HEWL. It is inter-
esting to note, however, that although the yield keeps
increasing with increasing amounts of NDSBs in the con-
centration range investigated, the urea concentration
dependence of the yield follows a bell-shaped curve with
a maximum between 2.4 M and 2.6 M urea. The decrease
in the yield of active HEWL observed above 2.6 M urea
may in fact be due to a kinetic effect. Indeed, the pres-
ence of urea during the refolding/oxidation of reduced
HEWL results in slowing down the renaturation kinetics.
Thus, while the half life of the renaturation was only
about 4–5 min in the absence of urea [17], a half life of
about 30 min was observed when the renaturation was
achieved in the presence of 2.2 M urea. It is therefore
likely that, at urea concentrations above 2.6 M, the renatu-
ration process would be even slower and that the 4 h of
incubation in refolding buffer were not enough for the
renaturation to reach completion. That the maximum
yield obtained with urea is slightly below that observed
Figure 2
Effect of NDSBs on the renaturation of hen egg white lysozyme
(HEWL). 50 l of denatured and reduced HEWL (11.2 mg ml–1 in
10 mM HCl) were diluted under vigorous agitation with 450 l of
renaturation buffer supplemented with NDSB. The concentration of
NDSB in the mixture was as shown in abscissa and the protein
concentration was 1.12 mg ml–1. The mixture was incubated for 4 h at
20°C. 10 l aliquots (containing 11.2 g of protein) were withdrawn
and assayed for HEWL activity. The yield was calculated as the ratio of
the observed activity to the activity of the same amount of HEWL
(11.2 g) before denaturation determined on the basis of the initial
specific activity of native HEWL. Symbols are as follows: +, SB256; 
•, SB221; ♦, SB201; ×, SB222; , SB195.
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Figure 3
Effect of urea on the renaturation of HEWL. 50 l of denatured and
reduced HEWL (12.9 mg ml–1 in 10 mM HCl) were diluted under
vigorous agitation with 450 l of renaturation buffer supplemented
with urea. The concentration of urea in the mixture was as shown in
abscissa and the protein concentration was 1.29 mg ml–1. The mixture
was incubated for 4 h at 20°C. 10 l aliquots (containing 12.9 g of
protein) were withdrawn and assayed for HEWL activity. The yield was
calculated as the ratio of the observed activity to the activity of the
same amount of HEWL (12.9 g) before denaturation determined on
the basis of the initial specific activity of the native HEWL.
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with the best NDSBs probably results from the fact that,
even at its optimal concentration, urea already interferes
with the folding process, whereas the NDSBs appear to
more specifically affect the aggregation throughout the
concentration range investigated.
Renaturation of -D-galactosidase
E. coli -D-galactosidase was one of the first proteins to be
successfully renatured in vitro [18] and was by far the most
complex one investigated in those pioneering studies on
protein folding. Very early in the game it was demon-
strated that, in the presence of divalent cations, the
refolding process was severely hindered by the formation
of aggregates [19]. Renaturation of -D-galactosidase is
most efficiently achieved by dialysis to remove the urea
that is used as a solubilizing agent, with yields of about
30–40% of active enzyme. However, dilution of the dena-
tured protein into renaturation buffer provides a more
convenient way to investigate the factors that may influ-
ence the folding process. Using this method, it was
observed that the renaturation is more efficient at low
rather than at high protein concentration, that aggregation
of non-native molecules is responsible for the poor renatu-
ration yields obtained, and that the presence of moderate
concentrations of urea at intermediate stages of the fold-
ing process significantly improves the renaturation
(unpublished data repeatedly obtained over the years by
the students of the `Protein Biochemistry’ laboratory
course at the Pasteur Institute). The renaturation of -D-
galactosidase by dilution therefore seemed a good system
to investigate the effects of NDSB on the folding of a
complex oligomeric protein.
Urea-denatured -D-galactosidase was diluted 40-fold
into renaturation buffer supplemented with one of the
NDSBs at concentrations between 0 M and 1.9 M. After
incubation for 30 min at 28°C, the protein was diluted 50-
fold in PM2 buffer, incubated for 1 h at 28°C and assayed
for enzymatic activity. The yield in native -D-galacto-
sidase as a function of the concentration of NDSB is rep-
resented in Figure 4. These results show two major
differences from those obtained for HEWL. First, bell-
shaped, rather than constantly increasing curves were
obtained. Second, not all of the NDSBs tested showed
similar effects: at their optimum concentration, two of the
NDSBs (SB256 and SB221) much increased the renatura-
tion efficiency, two were only moderately efficient
(SB201 and SB222t) and one showed a very strong
inhibitory effect on the renaturation (SB195). Indeed, the
activity recovered after the incubation in the presence of
SB195 (0.005%) was about 40-fold lower than in the
absence of NDSB (about 0.2%).
In order to test possible effects of NDSBs on native -D-
galactosidase either under the renaturation conditions or
during the assay, the native enzyme was first incubated for
30 min in the presence of 1.9 M NDSB, then diluted and
incubated in PM2 and finally assayed for its enzymatic
activity under the same conditions as in the renaturation
experiments described in Figure 4. With SB221, a small
Figure 4
Effect of NDSBs and urea on the renaturation
of galactosidase. 5 l of denatured -D-
galactosidase (5.2 mg ml–1 in TVNS buffer
supplemented with 8 M urea and 100 mM 
2-mercaptoethanol) were diluted under
vigorous agitation with 195 l of renaturation
buffer supplemented with NDSB or urea. The
concentration of NDSB or urea in the
renaturation mixture was as shown in abscissa
and the protein concentration was
130 g ml–1. The mixture was incubated for
30 min at 28°C. 20 l aliquots (containing
2.6 g of protein) were diluted with 980 l of
PM2 buffer and incubated for 1 h at 28°C.
The activity assay was then started by
addition of ONPG. The yield was calculated
as the ratio of the observed activity to the
activity of the same amount of -D-
galactosidase (2.6 g) before denaturation
determined on the basis of the initial specific
activity of the native enzyme. Symbols are as
in Fig. 2: +, SB256; •, SB221; ♦, SB201; 
×, SB222; , SB195. Inset: effect of urea on
the renaturation yield.0
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reduction by 4% of the activity was observed, while the
four other NDSBs showed no detectable inhibitory effect.
The effect of the NDSBs was compared with that of urea
(inset to Fig. 4). Urea also improved the renaturation effi-
ciency, with an optimal yield lower than that obtained
with SB256 and slightly higher than that with SB221. 
Finally, a preliminary study was conducted to check
whether or not a 30 min incubation in the presence of
NDSB or urea was sufficient to ensure maximal renatura-
tion. For that purpose, renaturation experiments were con-
ducted as above (see Fig. 4) but, at the end of the first 30
min incubation in the presence of the solubilizing agent,
aliquots were withdrawn, incubated overnight at room
temperature, and then diluted in PM2 only, preincubated
and assayed with o-nitrophenol--D-galactopyranoside. In
the experiments conducted with urea, this did not change
the final yield, indicating that the 30 min incubation was
sufficient to let the renaturation proceed to completion. In
the experiments with NDSBs, the situation was different.
Four NDSBs showed a higher yield in native -D-galac-
tosidase, reached at the same optimal NDSB concentra-
tion as for the 30 min incubation. The optimal yields were
14% with SB221, 9% with SB201, 3% with SB222t and
0.015% with SB195. With SB256, however, the yield did
not increase. On the contrary, when the enzyme was incu-
bated in the presence of 0.8 M SB256, the yield decreased
from 16% after 30 min to 2% after overnight incubation.
Moreover, a shift towards lower SB256 concentrations was
observed for the bell-shaped concentration dependence of
the yield, with a maximal renaturation efficiency of 7.5%
at 0.4 M SB256. This suggests that yields higher than 16%
could be obtained with SB256 by optimizing the incuba-
tion time and NDSB concentration simultaneously, point-
ing to the fact that, for each NDSB, the best renaturation
procedure should be determined by a systematic search
for optimal conditions.
The effect of the incubation time after the final dilution in
PM2 was not investigated in the present study. A 1 h incu-
bation time was arbitrarily chosen for the two following
reasons. First, because ‘apo--D-galactosidase’ refolded in
the absence of divalent ions must be incubated for at least
30 min in PM2 before assay to ensure complete recon-
stitution of the active enzyme with magnesium and man-
ganese ions [19]. Second, because folded -D-galactosidase
monomers are inactive and the tetramerization, which is
required for detecting enzymatic activity, is fairly slow and
requires about 1 h at the low protein concentrations used
in these experiments (data not shown). It is clear, there-
fore, that in some cases at least, some steps of the folding
process may still occur during this incubation phase. How-
ever, the final renaturation yield is decreased if one adds
SB256 or SB221 at concentrations above their respective
optimum (see Fig. 4). Moreover, changing the time of
incubation in the presence of sulfobetaines changed the
final renaturation yield (see above). This suggested that
part of the folding process also occurred during the 30 min
incubation in the presence of sulphobetaines. To verify
this, denatured -D-galactosidase (in 8 M urea) was diluted
2000-fold in PM2, omitting the intermediate dilution and
incubation in the presence of sulphobetaine. The renatu-
ration yield obtained after 1 h of incubation was only about
1–2%, i.e. significantly smaller than when the intermediate
dilution in the presence of sulphobetaine was included in
the renaturation protocol. This demonstrated that partial
folding indeed occurred during the 30 min incubation in
the presence of sulphobetaines, and that the observed
effects of these molecules on the renaturation yield were
essentially due to their favouring the formation of a soluble
folding intermediate. 
Discussion
As outlined in the Introduction, the two proteins used as
models in this work are structurally extremely different.
Their folding properties are also very different. In
HEWL, the formation of disulfide bonds plays a crucial
role in stabilizing the native protein, but also in speeding
up considerably the formation of the secondary structure
at very early stages of the folding process [20]. When the
native S–S bonds are formed, HEWL renatures extremely
rapidly and cooperatively, along pathways that have been
well characterized in spite of the short lifetime of folding
intermediates [21]. For -D-galactosidase, on the other
hand, the folding pathway is only poorly understood, but it
is clear that disulfide bonds are not involved and that the
folding in vitro is much slower than for HEWL. In spite of
these large differences in the folding mechanisms and in
the final structures of these two proteins, their folding in
vitro is greatly facilitated by NDSBs. Thus, NDSBs are
likely to be efficient anti-aggregants in the in vitro refold-
ing of a wide array of denatured proteins.
From comparison of the efficiencies of the different sul-
phobetaines, some trends can already be drawn. First,
there seems to be a strong correlation between the effi-
ciency of a sulphobetaine and its hydrophobic/hydrophilic
balance. The more prominent the hydrophobic part, the
better the renaturation efficiency. This is, however, lim-
ited by micelle formation, which occurs for linear
hydrophobic tails of eight carbons or more and limits the
active concentration of the product. Second, at equal
hydrophobicity of the tail, the presence of a cyclic struc-
ture seems to be highly favourable (compare SB221 to
SB222t), and especially of an aromatic cycle (SB256). This
could be due to aromatic stacking interactions with the
aromatic groups of the proteins, which are exposed in the
denatured form. Such aromatic stacking interactions could
be a driving force in the aggregation process, and screen-
ing of these interactions by the sulphobetaines could be
important in preventing aggregation. The only exception
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for this rule is SB201, which is less efficient than its satu-
rated counterpart SB221. This is probably due to the fact
that in SB201, the positive charge is in fact delocalized on
the whole aromatic ring, which yields a molecule with less
defined hydrophobic and hydrophilic domains. This is fur-
ther evidence in favour of the first rule of a clear
hydrophobic domain. On the basis of these considerations,
one could design new NDSBs that should prove even
better folding helpers than those investigated in the
present study.
All of the NDSBs tested in this study improved the renat-
uration of HEWL more than that of -D-galactosidase.
This suggests that NDSBs interfere with the stability or
rate of formation of folding intermediates more in the case
of -D-galactosidase than of HEWL. This comes as no
surprise. Indeed, when HEWL has its native disulfide
bonds formed, its folding is very rapid and highly coopera-
tive. Moreover, the denaturation/renaturation transition of
HEWL is fully reversible and apparently obeys the two-
state model. This leaves little opportunity for NDSB to
bind to folding intermediates and prevent renaturation. In
contrast, the folding of -D-galactosidase probably occurs
through a series of steps involving the autonomous folding
of independent domains [22,23], their assembly, and
finally the tetramerization of the subunits. This certainly
accounts for the fact that the denaturation/renaturation of
this complex protein shows a strong hysteresis with
respect to the concentration of denaturing agents such as
urea. Thus, although native -D-galactosidase remains
unaffected by 4 M urea, 2 M urea is enough to prevent the
reassociation of monomers during a renaturation experi-
ment (unpublished data). It is likely that NDSBs act in a
similar way. Though they do not denature native -D-
galactosidase under the conditions used in this study, i.e.
up to concentrations close to their solubility limit, they
may well slow down or prevent the formation of interdo-
main or intersubunit interactions in a concentration range
only slightly higher than that in which they interfere with
the formation of aggregates. This offers a likely interpreta-
tion for the bell-shaped curves observed for the NDSBs
with -D-galactosidase.
In conclusion, some NDSBs appear to be potent solubiliz-
ing agents that help in the renaturation of unfolded pro-
teins. Indeed, under the conditions used here, NDSBs
increased—by factors up to 12 and 80, respectively—the
yield of native HEWL and -D-galactosidase after in vitro
renaturation. On the basis of these results, it is clear that
their efficiency will vary from protein to protein and that
optimal conditions will have to be found for each new pro-
tein investigated. Moreover, considering the differences
observed between the efficiencies of the NDSBs already
studied, new optimized molecules from this family should
be synthesized and tested. But in spite of these draw-
backs, and in view of the excellent results obtained with
HEWL and -D-galactosidase, NDSBs should already be
considered a priority within the panel of molecules to be
tested in attempts to improve protein in vitro refolding.
Materials and methods
Proteins and chemicals
Hen egg white lysozyme (HEWL; 28.000 units mg–1) was obtained
from Sigma. 
-D-galactosidase was purified from the E. coli K12 strain Hfr3300 as
described previously [24]. The specific activity was about 250.000
units mg–1.
Non-detergent sulfobetaines (NDSBs) with the structures represented
in Figure 1 were synthesized and purified as described earlier [14]. 
All other chemicals were commercially available reagent-grade products.
Buffers
PM2 buffer was 70 mM disodium phosphate, 3 mM monosodium phos-
phate, 1 mM magnesium sulphate, 0.2 mM manganese sulphate and 2
mM MgTitriplex, adjusted to pH 7.0 with HCl.
TVNS buffer was 20 mM Tris, 10 mM Versene, 10 mM sodium chlo-
ride, adjusted to pH 7.2 with HCl.
Enzyme and protein assays
Lysozyme activity was assayed as described previously [17] and the
concentration of denatured HEWL was determined spectrophotometri-
cally, using an extinction coefficient at 280 nm of 2.37 [25].
The catalytic activity of -D-galactosidase was assayed by reaction with
ONPG as a substrate, using the sodium carbonate two-step method
[24]. The protein concentration was determined with Bradford’s
reagent [26].
Denaturation/renaturation of proteins
Reduced and denatured lysozyme was prepared and lyophilized as
described earlier [17]. The reduced denatured protein was dissolved in
0.01 N HCl and its concentration was adjusted to 10–13 mg ml–1 with
HCl. The renaturation was initiated by diluting, under vigorous agitation
on a Vortex mixer [17], 50 l of denatured protein with 450 l of renat-
uration buffer (0.1 M Tris-HCl pH 8.2, 1 mM EDTA, 3 mM reduced glu-
tathione and 0.3 mM oxidized glutathione) supplemented when needed
with the desired amounts of either NDSB or urea. The solution was
incubated for at least 3 h at 20°C. 5–10 l aliquots were then assayed
for HEWL activity. The yield of the renaturation was expressed in % rel-
ative to the activity of the non-denatured HEWL.
Denaturation of E. coli -D-galactosidase (0.5 ml at about 10–15
mg ml–1) was achieved by overnight dialysis at 4°C against TVNS
buffer supplemented with 8 M urea and 0.1 M 2-mercaptoethanol. The
protein concentration in the dialysate was measured and served to
determine the final yield of the renaturation, using the specific activity of
the non-denatured enzyme to estimate the 100% initial activity. 5 l of
the denatured enzyme were then diluted 40-fold under vigorous agita-
tion on a Vortex mixer into 195 l of renaturation buffer (unless other-
wise stated, PM2 supplemented with 0.1 M 2-mercaptoethanol and the
desired amount of either NDSB or urea) and incubated at 28°C for 30
min. The resulting enzyme concentration was about 0.25–0.37 mg ml–1
during the renaturation. 20 l of the protein solution were then diluted
50-fold into 980 l of PM2, preincubated for 60 min at 28°C and the
assay for enzymatic activity was started by addition of 250 l of M/75
ONPG.
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